The nonlinear optical and optical limiting properties of an oligothiophene (6THIOP) covalently functionalized graphene hybrid material (Graphene-6THIOP) were investigated by using Z-scan technique with a 5ns Q-switched pulsed laser at 532 nm. Results show that the hybrid material of Graphene-6THIOP exhibits enhanced nonlinear optical and optical limiting properties in comparison to individual 6THIOP, graphene moiety and C 60 . The enhanced nonlinear optical properties of Graphene-6THIOP should be attributed to the combination of the observed nonlinear scattering with the possible photoinduced electron or energy transfer mechanism between 6THIOP moiety and graphene. 
Introduction
The development of high-power laser sources has motivated an extensive research for designs of optical limiting systems for eye and sensor protection. Among widely investigated materials for optical limiting, some carbon-based materials have been shown to be good candidates. Fullerenes and their derivatives have shown excellent optical limiting arising from their larger excited-state absorption [1, 2] . Carbon black suspensions (CBS) can undergo dramatic changes in transmittance because of nonlinear scattering [3] . Both single-walled carbon nanotube (SWNT) and multiwalled carbon nanotube (MWNT) suspensions have been reported to have strong optical limiting effects due to strong nonlinear scattering [4] [5] [6] , similar to CBS, while some soluble carbon nanotubes have shown relatively weak optical limiting properties because of a proposed nonlinear absorption mechanism [7] [8] [9] . As another carbon allotropic forms, graphene has been a very recent rising star in material science, which is atomically thin and exhibits remarkable electronic and mechanical properties [10] [11] [12] [13] . We have observed nonlinear optical properties in graphene oxide (GO) [14] and much stronger optical limiting effects in graphene-porphyrin hybrid material than in GO [15] . The enhanced optical limiting performance was believed to arise from a combination of nonlinear mechanisms with the photoinduced electron or energy transfer from the electron donor porphyrin moiety to the electron-acceptor graphene, similar results have also been observed in the hybrid materials of SWNT-Porphyrin [16] .
Polythiophenes and Oligothiophenes possess extensive π-electron delocalization along the molecular backbone and are well known as high hole mobility materials, which makes them interesting for various optoelectronic applications [17] [18] [19] . In this paper, we report the nonlinear optical and optical limiting properties of oligothiophene (6THIOP)-covalently functionalized graphene hybrid material (Graphene-6THIOP) at 532nm. Results show that although 6THIOP shows no obvious nonlinear optical properties, the covalent attachment of 6THIOP to graphene makes Graphene-6THIOP exhibit enhanced nonlinear optical and optical limiting properties compared with individual 6THIOP, graphene moiety and C 60 due to the observed nonlinear scattering behavior and the possible photoinduced electron or energy transfer mechanism. 
Experimental section
The synthesis of the graphene-oligothiophene nanohybrid was carried out using an amine functionalized oligothiophene (6THIOP-NH 2 ) and graphene oxide in o-dichlorobenzene (ODCB) [20] . The oligothiophene and graphene in the nanohybrid act as a donor and acceptor, respectively. Large scale and water soluble graphene oxide was prepared by the modified Hummers method [21] . The covalent functionalization of graphene oxide with oligothiophenes changes graphene oxide from hydrophilic to hydrophobic and the hybrid can be dissolved in organic solvents such as ODCB. This makes it possible that this graphene hybrid can be homogeneously dispersed (together with other organic materials) in organic solvents needed for various organic electronic applications. Based on elemental analysis, it was estimated that there is one 6THIOP unit for every 108 graphene carbons in the hybrid. Figure 1 gives the structure of 6THIOP and Graphene-6THIOP. The Z-scan and optical limiting experiments were preformed with linearly polarized 5 ns pulsed laser at 532 nm generated from a frequency doubled Q-switched Nd:YAG laser. The pulsed laser was set at a repetition rate of 10Hz. The spatial profile of the pulsed beam was of nearly Gaussian form after spatial filtering. The pulsed beam was split into two parts: the reflected part was used as reference, and the transmitted part was focused onto samples by using a 25-cm focal length lens. Sample was placed at the focus where the focused spot radius was about 23 µm (1/e 2 ). The reflected and transmitted pulses energies were measured simultaneously by using two energy detectors (Molectron J3S-10). C 60 toluene solution was employed as a reference. The measurements of nonlinear optical properties were carried by Open-aperture Z-scan, where a lens was used to collect the transmitted energy, but scattering lights at large angle to z axial were not collected. For nonlinear scattering measurements, the experimental setup was the same as that in Ref [22] , and a small area lens was placed at a certain angle with z axial to collect the scattered signal. All the samples were adjusted to have the same concentration of 0.2mg/mL for the measurements of nonlinear optical and scattering properties. For the measurements of optical limiting, an 8 mm aperture was placed between the detector and the sample where all the transmitted energy just can go through it when the sample is far away from the focus. All the energy through the aperture was focused into the detector by a lens between the aperture and detector. The samples were adjusted to have the same linear transmittance of 65% at 532 nm. All the samples were contained in 1-mm-thick quartz cell. No nonlinear response and damage of the quartz cell were observed at the fluence used in our experiments. Figure 2a gives UV-Visible absorption spectra of Graphene-6THIOP (in ODCB), 6THIOP (in ODCB), the blend sample of GO and 6THIOP (with a mass ratio of 1:1) in mixed solvent of ODCB and N, N-dimethylformamide (DMF), and GO (in DMF). GO shows a broad absorption continuously decreasing to 800 nm. The 6THIOP shows a strong broad π-π* absorption band around 411 nm. The blend sample also shows a strong broad π-π* absorption band with 6nm blue-shift relative to 6THIOP. Graphene-6THIOP shows a broad absorption band around 412 nm, derived from the 6THIOP group, which suggests a charge-transfer interaction between the 6THIOP and graphene units. Figure 2b gives the fluorescence spectra of Graphene-6THIOP and 6THIOP in ODCB. Upon excitation at 411 nm, the solution of Graphene-6THIOP exhibits about 98% quenching of the fluorescence emission bands at 522 nm, as compared to that of 6THIOP at a matching absorption (0.21). The almost complete luminescence quenching observed in Graphene-6THIOP indicates that there is a strong interaction between the excited state of 6THIOP and graphene moieties in the hybrid. 
Results and discussion

Absorption and fluorescence spectra
Nonlinear optical properties
The nonlinear optical properties of these materials were measured by Z-scan technique [23] at 532 nm with 5-ns pulses. Figure 3 shows Open-aperture Z-scan curves of Graphene-6THIOP (in ODCB), 6THIOP (in ODCB), GO (in DMF), the blend sample of 6THIOP and GO with a mass ratio of 1:1 (in mixed solvent of ODCB and DMF, because of the poor solubility of GO in ODCB), and C 60 (in toluene).The linear transmittance of Graphene-6THIOP, 6THIOP, GO, the blend sample and C 60 were 45%, 98%, 84%, 91%, 95%, respectively. The nonlinear absorption of C 60 is attributed to the well known reverse saturable absorption (RSA). The normalized transmittance of GO and 6THIOP exhibit negligible decrease at the focus as shown in Fig. 3 , indicating that there are weak nonlinear absorption/nonlinear scattering. For GO, we have observed nonlinear optical properties at high concentration [14] . Here the weak nonlinear optical response of GO should be attributed to the low concentration used in this experiment. The blend sample shows stronger nonlinear absorption/nonlinear scattering than the individual components (Go and 6THIOP) but weaker than Graphene-6THIOP and C 60 . The Graphene-6THIOP has the largest dip among the Z-scan curves of these materials, indicating that it should have the largest nonlinear absorption/nonlinear scattering. So the covalent hybrid material of Graphene-6THIOP exhibits enhanced nonlinear optical properties compared with the individual components and the blend sample. The enhanced nonlinear optical properties can arise from the combination of nonlinear absorption and nonlinear scattering, and photoinduced electron transfer between GO and 6THIOP. It is known that the photoinduced electron transfer can result in an enhanced nonlinear optical performance, as observed in the PVK-modified SWNTs system [24] and SWNT-Porphyrin [16] . Strong fluorescence quenching in Graphene-6THIOP indicates strong interaction and photoinduced electron transfer between GO and 6THIOP in this hybrid. We believe that photoinduced electron or energy transfer from electron donor 6THIOP moiety to acceptor Graphene may also have important contribution to the enhanced nonlinear optical properties of Graphene-6THIOP. Furthermore, the linear absorption of Graphene-6THIOP hybrid material at 532nm is significantly enhanced and it has stable solution forms in ODCB. Just as some soluble carbon nanotubes [7] [8] [9] , it is reasonable to believe that the nonlinear absorption of Graphene-6THIOP may exist. The enhanced nonlinear scattering behavior was observed for Graphene-6THIOP. Figure  4a shows the scattered light signal versus the sample position, where C 60 toluene solution was used as a reference. Result shows that a peak appears as the sample of Graphene-6THIOP moved to the focus, which means that the scattered light increases with input fluence. There is also a similar peak for the blend sample, but it is much weaker and only emerges at higher fluence, indicating that a weaker scattering exists. For 6THIOP, GO and C 60 , there are no such obvious peaks in the scattering curves, so there are no nonlinear scattering for them in our experiments. Comparing Fig. 3 and Fig. 4a , Graphene-6THIOP have the largest dip of transmittance and the largest scattered intensity signal when the cell is placed at the focus, so nonlinear scattering plays an important role in the enhancement of optical nonlinear properties of Graphene-6THIOP. To get a better understanding of the nonlinear scattering behavior of Graphene-6THIOP, we measured the nonlinear scattering signals of Graphene-6THIOP as a function of the input fluence (Z-position) at three different forward scattering angles with respect to the beam propagation direction. As shown in Fig. 4b , the scattering signal increases with the input fluence for each angles, and the scattering signal is stronger for smaller angle, similar to the behavior observed in CdS nanoparticles [22] . Figure 5 gives the Open-aperture Z-scan curves of Graphene-6THIOP for different input fluence. Using the Crank-Nicolson finite-difference method, we fitted the Z-scan curves numerically (the solid lines) and obtained the values of effective nonlinear absorption coefficient β [25] , as shown in Fig. 5 . In general, the value of β will decrease as input fluence increases for RSA process because of the saturation of RSA [26] , but it will keep unchanged for two-photon absorption process. However, the increase of β with input fluence implies the Figure 6a and Fig. 6b give the Open-aperture Z-scan curves and the optical limiting of Graphene-6THIOP, GO, and C 60 , respectively. For comparison, all of the sample concentrations were adjusted to have same linear transmittance of 65% at 532 nm. Graphene-6THIOP showed strong nonlinear scattering, while GO and C 60 did not exhibit nonlinear scattering during the experiments, which is similar to Fig. 4a . From Fig. 6a and Fig. 6b , it can be seen that the optical limiting effect of Graphene-6THIOP is much better than GO and C 60 . For example, at the highest input fluence (7.22 J/cm 2 ) used in our experiments, the output fluence are 3.58, 1.68, 1.01 J/cm 2 , and the limiting thresholds of optical limiting are about 1.15, 0.06, 0.15 J/cm 2 for GO, C 60 , and Graphene-6THIOP, respectively. Graphene-6THIOP exhibits a higher limiting threshold compared with that of optimized CBS suspensions which is near 0.03 J/cm 2 [27] . However, it should be noted that we used a different experimental geometry from Ref [27] . 
Conclusions
The nonlinear optical properties of Graphene-6THIOP hybrid material have been studied, and results show that Graphene-6THIOP exhibits enhanced nonlinear optical and optical limiting properties compared with the individual components(GO and 6THIOP) and C 60 . The enhanced nonlinear scattering exists in Graphene-6THIOP, and photoinduced electron or energy transfer mechanism is proposed.
